Objective: We examined the effect of risk alleles of polymorphisms of three schizophrenia risk genes that mediate monoamine signalling in the brain on regional brain volumes of schizophrenia and healthy control subjects. The risk alleles and the gene polymorphisms studied were: Val allele of catechol o-methyltransferase (COMT) rs4680 polymorphism; short allele of 5-hydroxy tryptamine transporter linked polymorphic region (5HTTLPR) polymorphism; and T allele of 5-hydroxy tryptamine 2A (5HT2A) rs6314 polymorphism. Methods: The study was carried out on patients with recent onset schizophrenia (n=41) recruited from the outpatient department of National Institute of Mental Health and Neurosciences, Bangalore, India and healthy control subjects (n=39), belonging to South Indian Dravidian ethnicity. Individual and additive effects of risk alleles of the above gene polymorphisms on brain morphometry were explored using voxel-based morphometry. Results: Irrespective of phenotypes, individuals with the risk allele T of the rs6314 polymorphism of 5HT2A gene showed greater (at cluster-extent equivalent to family wise error-correction [FWEc] p＜0.05) regional brain volumes in the left inferior temporal and left inferior occipital gyri. Those with the risk alleles of the other two polymorphisms showed a trend (at p＜0.001, uncorrected) towards lower regional brain volumes. A trend (at p＜0.001, uncorrected) towards additive effects of the above 3 risk alleles (subjects with 2 or 3 risk alleles vs. those with 1 or no risk alleles) on brain morphology was also noted. Conclusion: The findings of the present study have implications in understanding the role of individual and additive effects of genetic variants in mediating regional brain morphometry in health and disease.
INTRODUCTION
Brain morphometric abnormalities have been extensively reported in schizophrenia since the advent of modern neuroimaging techniques in the mid-1970s. It is intriguing to note that, apart from reduced whole brain volume, 1) there are no brain regions that have been consistently shown to exhibit morphometric abnormalities across these various studies. 2, 3) Differences in sample characteristics such as age, gender distribution, duration of illness, exposure to neuroleptics, drug use etc. could contribute towards the variability of morphometric findings across studies. [4] [5] [6] [7] [8] However, a substantial number of studies, especially over the past decade or so have attempted to control for these confounding variables at the sample selection and/or analysis phases. 9, 10) Despite this, no consistent morphometric abnormalities that are associated with the schizophrenia phenotype have emerged from these studies. This begs the question, whether there could be other factors that could be different across the various samples in morphometric studies of schizophrenia. The obvious candidate would be the variability of the constitution of genotypic risk variants that impact brain volumes across study samples, given our understanding that schizophrenia is a polygenic disorder. 11) These multiple genes of small effect 12, 13) may have differential influence on regional brain volumes, thus contributing to the heterogeneity of the brain morphometric findings in schizophrenia. Moreover, gene-gene epistatic interactions as well as epigenetic alterations of gene expression may play a role in mediating regional brain volumes.
Genes that mediate monoamine signalling have been strongly implicated in schizophrenia. 14, 15) Catechol O-methyltransferase (COMT) is an enzyme involved in the degradation of catecholamine neurotransmitters like dopamine, epinephrine and norepinephrine. 16) In the exon 4 of COMT gene, G-to-A transition results in a valine (Val)-to-methionine (Met) substitution at amino acid position 108 or 158 leading to a four-fold decrease in enzyme activity in Met homozygotes. 17) Genome wide association studies and family based association studies have shown COMT as a risk gene for the development of schizophrenia. [18] [19] [20] [21] [22] [23] There is considerable evidence for the association Val allele of COMT (rs4680) gene with schizophrenia. 18, 20) Subjects with Val/Val genotype performed less well in tasks assessing working memory compared to Met/Met individuals, supporting the fact that the higher activity Val allele lowers the prefrontal dopamine concentration leading to cognitive deficits in schizophrenia. 24, 25) Imaging studies have also linked the Val allele of Val145Met polymorphism with reduced gray matter volumes in various cortical and sub-cortical brain regions in schizophrenia. 26, 27) The 5-hydroxy tryptamine 2A (5HT2A) gene that mediates serotoninergic neurotransmission in the brain is another possible gene involved in the pathogenesis of schizophrenia. The nonsynonymous His452Tyr polymorphism is located in the exon 3 of 5HT2A receptor gene, where a C-T transition results in a histidine (His)-to-tyrosine (Tyr) substitution at the amino acid position 452. 28) In a recent study in Han Chinese population, it was shown that carriers of Tyr allele had greater risk for schizophrenia than subjects with CC genotype, suggesting that the Tyr allele might act as a susceptibility risk variant in the pathophysiology of schizophrenia. 29) In two independent studies, the frequency of Tyr allele was found to be higher in patients with schizophrenia. 30, 31) Moreover, a large multi-centric study found an association between schizophrenia and another polymorphism in the coding region of the 5HT2A receptor gene, viz., the T102C polymorphism. 32) Gray matter volume reductions were noted in the temporal lobe region of healthy subjects who were carriers of Tyr allele of His452Tyr polymorphism. 33) Another candidate gene for schizophrenia that mediates monoamine signaling in the brain is the serotonin transporter gene (5HTT) which plays a major role in regulating the intensity and duration of serotonergic signalling at synapses. 34) Many studies have supported the role of the polymorphism 5HTT linked polymorphic region (5HTTLPR) as a risk factor for various symptom dimensions of schizophrenia. [35] [36] [37] The 5HTTLPR is located in the promoter region of the serotonin receptor. It is rendered polymorphic by a 44bp insertion/deletion resulting in a short (S) allele having lower transcription efficacy in comparison to the long (L) allele. 38) In South Indian population, it was shown that patients with schizophrenia had higher homozygous genotypic frequencies of the short allele of 5HTTLPR. 39) Carriers of the short allele of 5HTTLPR have shown reduced gray matter volume in perigenual anterior cingulate cortex and amygdala in healthy subjects. 40) However, a post mortem study has reported that subjects with schizophrenia who were homozygous for the short allele of 5HTTLPR gene polymorphism had a higher number and volume of pulvinar neurons in the thalamus. 41) Previous studies that have reported phenotypic differences in regional brain volumes in schizophrenia have ignored genotypic variability across the study samples. Therefore, in the present study, we planned to group subjects with schizophrenia and healthy subjects depending on the presence or absence of risk alleles of schizophrenia risk gene polymorphisms that affect monoamine signaling, ignoring the phenotype. Using an imaging-genomics approach, we examined whether there were significant regional volumetric abnormalities associated with polymorphisms of the above three schizophrenia risk genes that mediate monoamine signalling in the brain, viz., COMT, 5HTT and 5HT2A. Based on the findings of previous genetic association, imaging and neuropsychological studies reviewed above, we considered Val (G) allele of COMT rs4680 polymorphism, 11, 42) short (S) allele of 5HTTLPR polymorphism 39) and T allele of 5HT2A rs6314 polymorphism 30, 31) as the risk alleles for studying the effect of polymorphisms of the above risk genes on brain morphometry. A voxel-based morphometric (VBM) approach was employed to carry out morphometric comparisons between carriers and non-carriers of the risk alleles on each of these three risk gene polymorphisms, irrespective of phenotype. An additive model was also employed to investigate the cumulative effect of risk alleles of these polymorphisms on regional gray matter volumes. We hypothesized that the risk alleles of the above gene polymorphisms would exert differential effects, indivi- Values are presented as number only or mean±standard deviation. *Life-time cumulative neuroleptic exposure expressed in risperidone equivalents (mg). [31] [32] [33] PANSS, Positive and Negative Syndrome Scale dually as well as additively, on regional brain volumes.
METHODS

Study Samples
The study was carried out at the National Institute of Mental Health and Neurosciences (NIMHANS), Bangalore, India, with due approval from the NIMHANS Ethics Committee thus conforming to the ethical standards laid down in the 1964 Declaration of Helsinki. Written informed consent was obtained after detailed explanation of the study protocol from all the subjects (and their accompanying relatives in the case of all individuals with schizophrenia) prior to enrolment into the study. The above informed consent process was reviewed by the NIMHANS Ethics Committee prior to providing the approval for initiating the study at NIMHANS.
The study samples comprised of 41 patients with recent-onset schizophrenia and 39 healthy control subjects (HCS). The diagnosis of schizophrenia or schizophreniform disorder was arrived at using criteria from the Diagnostic and Statistical Manual for Mental Disorders fourth edition (DSM-IV) based on the consensus of a research psychiatrist who conducted a semi-structured interview and a trained research assistant who used the Mini International Neuropsychiatric Interview (MINI) Plus.
Only those patients who did not meet criteria for any other Axis I disorder, including substance dependence (other than nicotine) as per MINI-Plus, with an age of first onset of psychotic symptoms at or after 17 years of age and a duration of illness less than or equal to 5 years were recruited into the study. All patients had predominant positive symptoms and had diagnoses of paranoid (n=30), undifferentiated (n=8) and schizophreniform (n=7) subtypes. The patients with schizophreniform disorder included in the morphometric analysis comprised of only those who were re-diagnosed as schizophrenia during follow-up and who retained a diagnosis of schizophrenia even after 1-3 years, as inferred from follow-up data obtained from case files. The baseline severity of schizophrenia psychopathology was evaluated using the Positive and Negative Syndrome Scale (PANSS) 43) by two trained raters who had established good inter-rater reliability. The history of exposure to antipsychotics was ascertained by interviewing the patient and relative/s, and corroborated from available medical records. Twenty five of the forty one patients with schizophrenia were not on neuroleptics, of which 17 were drug naïve at the time of recruitment into the study. The remaining patients were on antipsychotics, the cumulative doses of which were converted to 'risperidone equivalents'. [44] [45] [46] HCS were ascertained to be free from Axis I or II psychiatric disorders using the MINI-Plus.
Current use/abuse of psychotropic drugs as well as history of psychiatric illness in first-degree relatives in the HCS was ruled out by an unstructured clinical interview. Both the schizophrenia and healthy control groups comprised only of subjects hailing from the southern part of India belonging to Dravidian ethnicity. The demographic and clinical characteristics of the samples are given in Table 1 .
Magnetic Resonance Imaging (MRI)
MRI scans were performed on a Philips Achieva 3.0 T scanner using a SENSE-8 head coil (Philips, Andover, MA, USA). Head movements were minimized by applying a band over the forehead during the scanning procedure. A high-resolution T1-weighted MRI volume data set of the whole brain with a resolution of 1×1×1 mm 3 (field of view: 256×256 mm; acquisition matrix: 256×256) was acquired using an Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence: repetition time=8.2 ms, echo time=3.8 ms, flip angle=8 o , sense factor: 3.5. All scans were inspected for artifacts and gross structural abnormalities by an expert neuroradiologist.
Image Analysis
Image processing and analysis was done using the VBM8 toolbox (Christian Gaser's VBM8 toolbox; http:// dbm.neuro.uni-jena.de/) within Statistical Parametric Mapping version 8 software (www.fil.ion.ucl.ac.uk/spm) running under Matlab R2012a. The T1 weighted structural images were bias-corrected and segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) maps based on a set of Tissue Probability Maps provided in the VBM8 toolbox.
47) The GM maps were normalized using the standard MNI152 DARTEL (Diffeomorphic Anatomical Registration through Exponentiated Lie algebra) template. Finally, GM maps were spatially smoothed with a Gaussian kernel of 8 mm full-widthat-half-maximum. The total GM, WM generated from the VBM analysis were added to generate the total brain volume (TBV).
Genotyping
Venous blood sample of approximately 10 ml was collected from all the study participants. The DNA was extracted from the blood samples by modified salting out method. 48) Polymerase chain reaction (PCR) using tetra-primer amplification refractory mutation system was used to amplify the Val158Met (rs4680) polymorphism of COMT gene. The following forward primer 5'-CCAACC CTGCACAGGCAAGAT-3', reverse primer 5'-CAAGG GTGACCTGGAACAGCG-3', forward primer 5'-CGG ATGGTGGATTTCGCTGaCG-3', and reverse primer 5'-TCAGGCATGCACACCTTGTCCTTtAT-3' 49) was used for amplification. The gel products were visualized in 1.5% gel. Products expected were of 626 bp and 222 bp in Met158 homozygotes, 626 bp and 451 bp in Val158 (G allele) homozygotes and 626 bp, 222 bp and 451 bp in the heterozygotes.
The His452Tyr (rs6314) polymorphism of 5HT2A gene was amplified by PCR-restriction fragment length polymorphism method using forward primer 5'-CAAAG CAAGATGCCAAG ACA-3' and reverse primer 5'-GGC ATACAGATATGATCGTTGG-3'. 28 ) PCR products were subjected to restriction digestion at 37 o C for 3 hours. The presence of C (Tyr) allele creates a restriction site for the restriction enzyme BbvI (National England Biolabs) with a product size of 180 and 68 bp. The T allele product size was 248 bp. The digested products were visualized in 2% gel after electrophoretic separation.
The 44 bp insertion/deletion polymorphism in the promoter region of 5HTT gene, viz., the 5-HTTLPR polymorphism, was amplified by PCR. The following forward primer 5'-TCCTCCGCTTTGGCGCCTCTTCC-3' and reverse primer 5'-TGGGGGTTGCAGGGGAGATCCTG-3' was used for the detection of 5HTTLPR. The amplified short (469 bp) and long (512 bp) allele products were visualized in 4% gel after electrophoretic separation.
50)
Statistical Analysis
The genotype distribution of COMT (rs4680), 5HTT (5HTTLPR) and 5HT2A (rs6314) polymorphisms was calculated and found to be in Hardy-Weinberg's equilibrium. Using the VBM toolbox, analysis of covariance (ANCOVA) within the framework of general linear model (GLM) was used to initially compare regional brain volumes between schizophrenia and HCS. Age, gender and TBV were entered as nuisance co-variates. Subsequently, regional brain volumes were compared between genotypes of COMT (rs4680), 5HTT (5HTTLPR) and 5HT2A (rs6314) polymorphisms, irrespective of phenotype. In previous morphometric studies of the effect of COMT Val158Met polymorphism on brain volumes, a dominant model (Val/Val and Val/Met carriers vs. Met/Met homozygotes) was shown to be associated with brain morphometric changes in healthy young adults. 27, 51) Furthermore, a gene-dose effect of the Val allele in reducing gray matter density of anterior cingulate was demonstrated in subjects at high risk for psychosis. 42 ) Therefore, we assumed a dominant model for the COMT Val158Met poly- ). We then carried out exploratory post-hoc comparisons of regional brain volumes between the genotype-wise sub-groups for each of the above 3 polymorphisms. Additive effect of the risk alleles on brain morphometry was explored by comparing brain volumes of subjects who had 2 or 3 risk alleles (n=53) of the above 3 risk genes vs. those who had 1 or no risk alleles (n=27). In view of the limited number of subjects having the risk allele T (n=13) we attempted to find the additive effect of the other 2 risk alleles (Val of COMT rs4680 and S allele of 5HTTLPR) after excluding the subjects who were carriers of the T allele of 5HT2A rs6314 polymorphism (n=14) by performing VBM comparison between those subjects having Val allele of COMT and short allele of 5HTT (n=40) vs. those subjects having 1 or no risk alleles (n=26) of COMT rs4680 and 5HTTLPR.
Age, gender and TBV were entered as nuisance co-variates for all the above analyses. Given the exploratory nature of this study, we used 3 levels of statistical thresholds; initially at a stringent statistical significance threshold of family wise error (FWE) p＜0.05 (no significant differences emerged at this stringent threshold); then, with cluster-extent correction equivalent to the cluster extent of FWE p＜0.05, at a height threshold of p＜0.001 uncorrected 53) ; and, finally, uncorrected (p＜0.001) for multiple comparisons with a voxel extent threshold of k=20 (trend-level findings). Generating the results of group-wise analyses using different thresholds for statistical significance in an exploratory study like this would provide information regarding the level of confidence that one may have about an individual finding.
RESULTS
The genotype and allelic frequency distribution of the COMT rs4680, 5HTTLPR and 5HT2A rs6314 polymorphisms in schizophrenia and healthy control samples are given in Table 2 . There were no significant allele-or genotype-wise differences between the healthy and schizophrenia groups for all the three candidate genes.
VBM analysis between phenotypes (schizophrenia vs. HCS) did not show definitive volumetric differences at a significance threshold of FWE p＜0.05. Gray matter volume reductions were noted in the left anterior culmen and posterior declive in patients with schizophrenia when compared to HCS (at cluster-extent equivalent to FWE correction [FWEc] p＜0.05; cluster defining threshold: p uncorrected ＜0.001; k=793 voxels) (Fig. 1A, Table 3 ). At an uncorrected threshold (p＜0.001, 20 voxel extent threshold), patients with schizophrenia showed gray matter volume reductions in bilateral parahippocampal gyri, bilateral anterior culmen, left posterior declive, right middle temporal gyrus, left inferior and middle frontal gyri, left posterior tuber and right uncus (Fig. 1B, Table 4 ). Uncorrected significance threshold of p＜0.001 and an extent threshold of 20 voxels. Total brain volume, age and gender were entered in the two sample random effects analysis as co-variates. *2 clusters significant at p＜0.001 uncorrected; cluster with higher z-score listed. † 4 clusters significant at p＜0.001 uncorrected; cluster with higher z-score listed. VBM analysis using a full factorial model for examining the interaction between diagnosis and genotype did not yield significant results for COMT and 5HTTLPR gene polymorphisms. The 5HT2A polymorphism showed significant diagnosis x genotype interaction in left superior parietal lobule at FWE (p＜0.05) (Supplementary Table 1 , Supplementary Fig. 1 ). However, post-hoc analyses of the effects of 5HT2A risk genotypes on brain morphometry separately in patients with schizophrenia and HCS did not yield any significant results at the corrected threshold.
Individuals with the risk allele T (n=14) of 5HT2A (rs6314) polymorphism had greater regional volumes in the left inferior temporal gyrus and left inferior occipital gyrus (FWEc; cluster defining threshold: p uncorrected ＜0.001; k=988 voxels) in comparison to those homozygous for the C allele (n=66) (Fig. 2A, Table 5 ). At an uncorrected threshold (p＜0.001, 20 voxel extent threshold), more brain regions bilaterally showed increased gray matter volumes associated with the presence of the T allele (Fig. 2B, Table 6 ).
Genotype-wise comparisons of gray matter volumes using the dominant model for COMT and 5HTT polymorphisms revealed group differences only at an uncorrected threshold (p＜0.001, 20 voxel extent threshold). Subjects with GG or AG genotypes of rs4680 of COMT (n=61), irrespective of phenotype, showed decreased gray matter volumes in right anterior cingulate, bilateral medial frontal gyri, right declive, right superior temporal gyrus, right fusiform gyrus, right uncus, right frontal sub-gyral region and left lingual gyrus (Fig. 3, Table 7 ) compared to Uncorrected significance threshold of p＜0.001 and an extent threshold of 20 voxels. Total brain volume, age, and gender were entered in the two sample random effects analysis as co-variates. *2 clusters significant at p＜0.001 uncorrected; cluster with higher z-score listed. † 3 clusters significant at p＜0.001 uncorrected; cluster with higher z-score listed. ‡ 4 clusters significant at p＜0.001 uncorrected; cluster with higher z-score listed. those individuals with AA genotype (n=19). In case of 5HTTLPR, the individuals carrying SS or LS genotypes (n=63) showed decreased gray matter volumes in the right anterior culmen and middle frontal gyrus when compared to L homozygotes (n=17) (Fig. 4, Table 8 ).
Exploration of the additive effects of risk genes on brain volumes yielded differences between those subjects who had 2 or 3 risk alleles (n=53) of the above 3 risk genes (high risk group) vs. those who had 1 or no risk alleles (n=27) (low risk group) at an uncorrected (p＜0.001, 20 voxel extent threshold) threshold. The high risk group showed lower regional brain volumes in the right superior and right medial frontal gyri (Fig. 5, Table 9 ). When the exploration of additive effects was restricted to only those having the T allele of 5HT2A (rs6314) polymorphism along with one or two of the other two risk alleles (n=13) vs. those who had one or no risk alleles (n=27), the high risk group showed increased gray matter volumes in right precentral gyrus, left inferior temporal gyrus, left inferior occipital gyrus, right inferior frontal gyrus and left superior parietal lobule (Supplementary Table 2 , Supplementary  Fig. 2 ). However, in view of the limited number of sub- At uncorrected significance threshold of p＜0.001 and an extent threshold of 20 voxels. Total brain volume, age, and gender were entered in the two sample random effects analysis as co-variates. *2 clusters significant at p＜0.001 uncorrected; cluster with higher z-score listed. At an uncorrected significance threshold of p＜0.001 and an extent threshold of 20 voxels. Total brain volume, age, and gender were entered in the two sample random effects analysis as co-variates. jects having T risk allele of 5HTR2A (n=14), we repeated our analysis to explore additive effect of risk alleles by restricting our analysis to only those subjects without the T allele of 5HT2A (N=66). These subjects were grouped into those having Val allele of COMT and short allele of 5HTT (n=40) and those subjects having one or no risk alleles of the COMT and 5HTT polymorphisms (n=26). The subjects with both risk alleles showed a trend towards reduction in gray matter volume in superior frontal, medial frontal, lingual, inferior parietal and anterior cingulate gyri in the right hemisphere and bilateral cerebellum at p ＜0.001; 20 voxel extent threshold (Supplementary Table  3 , Supplementary Fig. 3 ).
DISCUSSION
We examined the influence of polymorphisms of three schizophrenia candidate genes mediating monoamine signalling on regional brain volumes. We found greater regional brain volumes in left inferior temporal and left inferior occipital gyri in carriers of the T allele of rs6314 polymorphism of 5HT2A gene at a statistical significance threshold of FWEc p＜0.05. Using a dominant model, Val At an uncorrected significance threshold of p＜0.001 and an extent threshold of 20 voxels. Total brain volume, age, and gender were entered in the two sample random effects analysis as co-variates. *2 clusters significant at p＜0.001 uncorrected; cluster with higher z-score listed.
carriers of the COMT rs4680 polymorphism and short allele carriers of the 5HTTLPR 44 bp insertion/deletion polymorphism showed a trend (p＜0.001, uncorrected) towards decreased regional brain volumes. Moreover, a trend (at p＜0.001, uncorrected) towards additive effects of the above 3 risk alleles on brain morphology was also noted. Whole brain VBM comparisons between phenotypes (schizophrenia vs. HCS) did not show definitive volumetric differences at a significance threshold of FWE p ＜0.05. Circumscribed volumetric reductions in the left cerebellum were seen in patients with schizophrenia at FWEc threshold (cluster defining threshold: puncorrected ＜0.001; k=793 voxels) (Fig. 1A, Table 3 ), while more diffuse volumetric reductions were noted at an uncorrected threshold (p＜0.001, 20 voxel extent threshold) (Fig. 1B, Table 4) . A large body of evidence supports regional volumetric reductions in schizophrenia. 3, 54, 55) However the reported volumetric abnormalities vary from study to study, perhaps due to the effect of various confounding factors apart from differences in the constitution of genotypic risk variants, 56) such as age, gender distribution, age of onset, duration of illness, exposure to neuroleptics and drug use across the samples studied. [4] [5] [6] [7] [8] The absence of volumetric reductions in our sample of patients with schizophrenia at a stringent significance threshold (FWE p＜0.05) may be due to the fact that the sample of patients with schizophrenia in the present study were predominantly comprised of paranoid and undifferentiated schizophrenia (none with residual schizophrenia), were relatively younger (mean age=27.34 years), had recent onset of illness (mean duration 24.54 months), with more than half of the subjects being neuroleptic-naïve/free (Table 1) . Neuroleptic exposure and duration of illness have been shown to affect brain volumes. 7, 57) Sub-group analysis of brain volumes between medicated (n=16) and unmedicated (n=25) patients with schizophrenia revealed significantly greater gray matter volumes in right anterior culmen of medicated patients at a statistical significance threshold of FWE p ＜0.05 ( Supplementary Fig. 4, Supplementary Table 4) , which is in line with previous studies supporting increased gray matter volumes in patients with schizophrenia treated with anti-psychotics. 7, 57) Since we only recruited patients with recent-onset (duration ＜5 years) illness, the variance on duration of illness of our sample was quite low and therefore, the effect of duration of illness on brain volumes could not be examined as above.
Carriers of the T allele (His452Tyr) of rs6314 polymorphism of 5HT2A were shown to have increased regional brain volumes in left inferior temporal and left inferior occipital gyri at a statistical significance threshold of FWEc p＜0.05. The only previous study that has examined the association between the above polymorphism and brain morphology 33) reported volumetric reductions in the medial and lateral temporal brain regions in healthy subjects; however, the results of the above study were uncorrected for multiple comparisons (p＜0.001, uncorrected). The possible pathophysiological significance of increased regional brain volumes in the left inferior temporal and left inferior occipital gyri and its relationship with the His452Tyr allele of rs6314 polymorphism of 5HT2A deserves more in-depth study, in the light of our preliminary findings.
Carriers of the Val allele of COMT rs4680 polymorphism showed decreased gray matter volumes in multiple brain regions spanning the frontal, temporal, parietal and occipital lobes as well as the cerebellum (Fig. 3, Table  6 ) in comparison to the Met homozygotes (p＜0.001, uncorrected). The Val/Val genotype of COMT is associated with higher enzymatic activity and increased catabolism of dopamine. 17) Val allele carriers were shown to have reduced volumes (at uncorrected statistical significance thresholds) of bilateral anterior cingulate 51) as well as temporal and frontal brain regions 26, 58) similar to the results of our study. Thus the findings of the present study provide further support to previous reports of regional brain volumetric reductions associated with the Val allele of COMT rs4680 polymorphism.
Carriers of S allele of the 5HTTLPR polymorphism showed decreased gray matter volumes in the right anterior culmen and middle frontal gyrus when compared to the L homozygotes (p＜0.001, uncorrected). A previous study in HCS has reported reduced brain volumes in perigenual anterior cingulate cortex and amygdala 40) in carriers of the short allele of the 5HTTLPR polymorphism. However, in a post-mortem study carried out in subjects who were diagnosed to have schizophrenia, the S allele was reported to be associated with a higher number and volume of pulvinar neurons in the thalamus. 41) Therefore, further studies in larger samples of healthy subjects and patients with schizophrenia are required to establish the effect of S allele of the 5HTTLPR rs25531 polymorphism on brain volumes.
Exploration of the additive effect of the three risk alleles, viz., S (5HTTLPR), G (COMT rs4680) and T (5HT2A rs6314) revealed trend-level (p＜0.001) reductions in brain volumes in the right superior frontal and medial frontal gyri in the high risk group (containing 2 or 3 risk alleles) when compared to the low risk group (containing 1 or no risk alleles). It is to be noted that the high risk group (n=53) contained only 13 subjects with the T allele of the rs6314 polymorphism of 5HT2A that predisposes to greater regional brain volumes. Thus the high risk group (N=53) had a preponderance of subjects with the G (GG [n=21] ; AG [n=30]) and S (SS [n=22]; LS [n=29]) risk alleles of COMT (rs4680) and 5HTT (5HTTLPR) respectively. The above alleles were shown to be associated with lower regional brain volumes (see above), which may be the reason why the high risk group showed an overall trend toward volumetric reductions. When the exploration of additive effects was restricted to only those having the T allele of 5HT2A (rs6314) polymorphism (n=13) along with one or two of the other two risk alleles, the high risk group showed increased regional gray matter volumes. This clearly shows that the presence of T allele of rs6314 polymorphism of 5HT2A is contributing to greater gray matter volumes in the brain. Exploration of the additive effects of the risk alleles of the COMT rs4680 and 5HTTLPR polymorphisms, excluding the subjects with the T allele of the 5HT2A rs6314 polymorphism, revealed regional gray matter volumetric reductions (Supplementary Table 3 , Supplementary Fig. 3 ). Therefore the results of the additive analysis including all the three risk alleles demonstrates how regional brain volumes are not only a function of the effect of a given risk allele on regional brain volumes but also on the frequency of the risk allele in a given sample as well as the cumulative effect of the frequency distribution of various other risk alleles that may impact regional brain volumes. This cumulative effect of various risk alleles on regional brain volumes in a given sample could possibly explain the inconsistency of brain morphometric findings across various samples of patients with schizophrenia. However, the limited size of the sample of individuals with the risk allele T (n=14) of 5HT2A (rs6314) polymorphism should be taken into consideration while interpreting the results of the study.
The results of the present study demonstrate how brain volumes are influenced not only by the phenotype (schizophrenia vs. healthy), but also by the genotypic risk variants of schizophrenia risk genes affecting monoamine signaling. When brain volumes are compared across phenotypes within the overall sample, genotypic differences are overlooked, while in the present study, instead of phenotypic differences, we examined volumetric differences across genotypes. There were differences in the extent (5HT2A His452Tyr＞COMTVal158Met＞5HTTLPR 44 bp insertion/deletion) and direction (5HT2A His452Tyr: volumetric increase; COMT Val158Met and 5HTTLPR 44 bp insertion/deletion: volumetric decreases) of volumetric changes associated with the genotypic risk variants of the above three risk genes. Such differences in the influence of polymorphisms of the various schizophrenia risk genes on brain volumes along with the variability in other confounding factors discussed before might explain the variability of morphometric findings (volumetric increases, 59 ) decreases 33) or no difference 60) ) across multiple studies.
This study explored the effect on brain morphometry of polymorphisms of three schizophrenia risk genes that me-diate monoamine signaling in a sample of 80 subjects comprising of 41 patients with schizophrenia and 39 HCS. There are no previous reports of the effect of the above 3 gene polymorphisms individually as well as additively on brain morphometry in the same study. Though the overall sample size was not too small, the number of individuals in the genotype-wise sub-groups was limited. Thus, given the modest sample sizes, the findings of this exploratory analysis need further confirmation in larger samples.
In conclusion, we have demonstrated higher regional brain volumes associated with the T allele of the rs6314 polymorphism of 5HT2A in the left inferior temporal and inferior occipital gyri. A trend towards lower regional brain volumes associated with the Val allele of the COMT rs4680 polymorphism as well as the short allele of the 5HTTLPR 44 bp insertion/deletion polymorphism was noted. We have also demonstrated a trend towards additive effects of the above 3 risk alleles on brain morphology. This could mean that variability in the genetic profiles of the study samples could be one of the reasons for inconsistent findings of previous morphometric studies in schizophrenia and other neuropsychiatric conditions. Perhaps the reported volumetric alterations are an independent function of the individual and additive effects of the multiple schizophrenia risk genes on brain volume, rather than a function of the disorder per se. This possibility needs to be explored in larger samples of patients with schizophrenia using in silico methods or alternately using complex genetically engineered animal models.
